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RELAXATIONAL DISLOCATION DAMPING DUE TO 

DISLOCATION-DISLOCATION INTERSECTIONS WITH 

APPLICATION TO MAGNESIUM SINGm CRYSTALS 

ABS TRACT 

The pre l iminary  r e s u l t s  of an  experimental  i n v e s t i g a t i o n  con- 

ce rn ing  t h e  e f f e c t  of temperature  ( i n  t h e  range 82-320" K ) ,  frequency 

( i n  t h e  range 0.015-0.75 cps)  and stress amplitude ( i n  t h e  range 700- 

2700 gm/cm2) upon t h e  decrement i n  99.96 atomic pe r  c e n t  magnesium 

s i n g l e  c r y s t a l ,  s l i g h t l y  p r e s t r a i n e d ,  were r epor t ed  by Roberts  and 

Hartman''). 

a t  almost ze ro  stress f o r  bo th  99.96 per cent  pure magnesium c r y s t a l s  

and c r y s t a l s  doped w i t h  s m a l l  amounts of A l ,  Zn, Cd, Th and I n  has  been 

c a r r i e d  ou t  a t  293" K. The r e s u l t s  c o n s i s t e n t l y  show a s t a t i c  i so thermal  

Fur the r  experimental  work concerning the  modulus d e f e c t  

modulus d e f e c t  o f ?  5% a t  almost ze ro  stress even f o r  impure c r y s t a l s .  

This sugges t s  t h a t  t h e  d i s l o c a t i o n s  are bowing between t h e i r  nodal  p o i n t s  

from almost ze ro  stress. A s  a r e s u l t  of t h i s  it i s  more l i k e l y  a d i s l o -  

c a t i o n - d i s l o c a t i o n  i n t e r s e c t i o n  mechanism i s  t h e  source of t he  damping and 

not  a d i s l o c a t i o n - s o l u t e  atom i n t e r a c t i o n  mechanism as previous ly  r epor t ed  

by Roberts  and Hartman('), A b r i e f  o u t l i n e  of A l e f e l d ' s  theory") f o r  re- 

l a x a t i o n a l ,  ampli tude dependent d i s l o c a t i o n  damping due t o  d i s l o c a t i o n  i n t e r -  

s e c t i o n s  i s  presented.  Details  concerning how t h e  prev ious ly  c i t e d  exper i -  

mental  d a t a  can  be  t r e a t e d  t o  be a p p l i c a b l e  t o  t h i s  theory  are presented .  

'5. M. Roberts  and D.  E. Hartman: Phys. SOC. of Japan, 18, Supp. 1, (1963), 119. 

2G. Alefe ld :  Z e i t s c h r i f t  f u r  Physic ,  170, (1962), 249. 
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The main f e a t u r e s  of a l l  of t h e  exper imenta l  r e s u l t s  are semi-quant i ta-  

t i v e l y  expla ined  by t h e  supe rpos i t i on  of  s e v e r a l  r e l a x a t i o n  processes  

(28 i n  a l l )  of t h e  type proposed by Alefe ld(2) .  

of t hese  processes  vary  between 0.34 t o  0.98 ev. and the  a c t i v a t i o n  l eng th  

The a c t i v a t i o n  ene rg ie s  

of d i s l o c a t i o n  between approximately 1000 t o  12,000 Burgers v e c t o r  u n i t s .  

The s t r o n g e s t  peaks have a c t i v a t i o n  ene rg ie s  of 0.56, 0.65, 0.68, 0 . 7 5 ,  

0.81 and 0.86 ev. w i th  a s s o c i a t e d  a c t i v a t i o n  l eng ths  of  910, 2730, 1820, 

, 910 ,  606, and 910 Burgers v e c t o r  u n i t s  r e s p e c t i v e l y .  The microscopic  

work hardening c o e f f i c i e n t  a c t i n g  upon d i s l o c a t i o n s  has  been eva lua ted  

and i s  i n  reasonable  agreement w i t h  t h e  exper imenta l ly  observed damping 

loop. It i s  a l s o  compatible wi th  a 5 t o  10% modulus d e f e c t  a t  almost 

ze ro  stress.  Q u a l i t a t i v e  arguments are suggested t o  j u s t i f y  t h e  use  of 

a spectrum of a c t i v a t i o n  e n e r g i e s  and d i s l o c a t i o n  loop l eng ths  t o  e x p l a i n  

amplitude dependent d i s l o c a t i o n  damping d a t a .  P a r t i c u l a r l y  d a t a  taken a t  

l o w  f r equenc ie s  when t h e  s i n g l e  mechanism of d i s l o c a t i o n s  c u t t i n g  o the r  

d i s l o c a t i o n s  v i a  a thermal ly  a c t i v a t e d  process  i s  a c t i v e .  

INTRODUCTION - 

Birnbaum and Levy(3) were t h e  f i r s t  t o  p r e d i c t  t h a t  t h e  thermal ly  

a c t i v a t e d  process  of d i s l o c a t i o n s  c u t t i n g  o t h e r  d i s l o c a t i o n s  would lead  

to  a measurable h igh  temperature  i n t e r n a l  f r i c t i o n  loss .  They assumed 

t h a t  t h e  source  of energy d i s s i p a t i o n  would be due t o  t h e  format ion  of 

jogs  and p o i n t  d e f e c t s  by t h e  moving d i s l o c a t i o n  i n t e r s e c t i n g  o the r  d i s -  

l o c a t i o n s .  Their  development appears  weak, however, s i n c e  they assumed 

3H. Birnbaum and M. Levy: Acta. M e t . ,  4 ,  (1956), 84. 
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a Koehler d i ~ t r i b u t i o n ( ~ )  f o r  t h e  loop l eng ths  between jogs  and t h a t  t h e  

ra te  of p o i n t  d e f e c t  product ion  w a s  p ropor t iona l  t o  t h e  macroscopic s t ra in  

rate.  The f i r s t  assumption presumes j o g s  are s i t u a t e d  along the  d i s loca -  

t i o n  l i n e s  completely randomly, t h e  r eason  f o r  which i s  c e r t a i n l y  n o t  

obvious.  The second assumption does n o t  c o n t a i n  the  f a c t  that  t h e  rate 

of p o i n t  d e f e c t  product ion  should be p r o p o r t i o n a l  t o  the  strain r a t e a n d  poss i -  

b l y  some func t ion  of t h e  s t r a i n .  Thus i n t e g r a t i o n  of  t h e  energy l o s s  equa- 

t i o n  i s  r equ i r ed  over both t h e  loop l e n g t h  d i s t r i b u t i o n  and over  t i m e  f o r  

one cyc le .  The l a t te r  w a s  avoided i n  t h e i r  o r i g i n a l  paper.  Birnbaum and 

Levy found the  log  of  t h e  decrement t o  be p ropor t iona l  t o  T'l and inde- 

pendent of frequency. These r a t h e r  s imple temperature  and frequency de- 

/ 

pendences undoubtedly arise because of t h e  weakness o u t l i n e d  above i n  

t h e i r  second assumption. 

C e r t a i n  phenomena r e l a t e d  t o  i n t e r n a l  f r i c t i o n  such as stress re- 

l a x a t i o n  a t  cons t an t  s t r a i n  and s t r a in  r e l a x a t i o n  a t  cons t an t  stress have 

been formalized by Zener(5f , Kuhlmann-Wilsdorf (6)  , S e e g ~ ' ~ ) ,  Roberts and 

Brown(8) and more r e c e n t l y  by Reed-Hill  and Dahlberg") i n  which the  d i s -  

l o c a t i o n - d i s l o c a t i o n  i n t e r a c t i o n  mechanism a t  r e p u l s i v e  j u n c t i o n s  i s  i n f e r r e d  

'J. S. Koehler: Imperfec t ions  i n  Nearly P e r f e c t  C r y s t a l s ,  John Wiley 

5 C .  Zener: 

%. Kuhlmann: 

'A. Seeger : 

8J, M. Roberts  and N. Brown: 

'R. E .  Reed-Hill  and E .  P. Dahlberg, Trans. A.I.M.E., 236, (1966), 679. 

and Sons, (1952), 197. 

Cold Working of Metals, Amer .  SOC. Metals, Cleveland, (1949), 180. 

Z. Phys. 124, (1947), 468. 

Z.  Natur f .  9a , (1954), 758. 

Acta. M e t . ,  11, (1963), 7. 

Y 
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as t h e  r a t e  c o n t r o l l i n g  mechanism. This  group of au tho r s ,  however, have 

n o t  undertaken a r igo rous  a p p l i c a t i o n  of  t h i s  mechanism t o  i n t e r n a l  f r i c -  

t i o n .  

The problem of a d e t a i l e d  formal d e r i v a t i o n  of t h e  i n t e r n a l  

f r i c t i o n  a s s o c i a t e d  wi th  d i s l o c a t i o n - d i s l o c a t i o n  i n t e r s e c t i o n s  a t  r epu l -  

s i v e  d i s l o c a t i o n  junc t ions  w a s  taken up by Alefeld").  It i s  t h e  purpose 

of t h e  p re sen t  paper t o  put  f o r t h  the  main p reced ic t ions  of A le fe ld ' s  

theory  and d e s c r i b e  how w e  have app l i ed  t h i s  theory  t o  our experimental  

r e s u l t s  on magnesium s i n g l e  c r y s t a l s .  

SUMMARY OF ALEFELD S THEORY 

Consider a s i n g l e  thermal ly  a c t i v a t e d  process  f o r  a d i s l o c a t i o n  

i n t e r s e c t i n g  a second r e p u l s i v e  d i s l o c a t i o n .  The o v e r a l l  s t r a i n  ra te ,  

cons ide r ing  both forward and r e v e r s e  jumps, i s  given by: 

('a-ai)V 1 (1) 
E a = 2b(M)Nvo {exp [ 5 }{exp [-E 3 } s i n h  { kT 

where 

e i s  t h e  p l a s t i c  o r  a n e l a s t i c  shear  s t r a i n ,  

b i s  t h e  Burgers vec to r  of t h e  mobile d i s l o c a t i o n ,  

a 

AA i s  the  area swept ou t  by the  mobile d i s l o c a t i o n  per  

i n t e r s e c t i o n ,  

N i s  t h e  number of i n t e r s e c t i o n  s i tes  per  u n i t  volume, 

v i s  t h e  d i s l o c a t i o n  a t t a c k  frequency, 

AS is  t h e  en t ropy  change dur ing  t h e  process ,  

0 

AH i s  t h e  en tha lpy  change dur ing  t h e  process ,  

oa i s  t h e  app l i ed  stress, 
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CT. i s  t h e  l o c a l  r e s i s t i n g  i n t e r n a l  s t r e s s ,  

V i s  t h e  a c t i v a t i o n  volume given by R b d, 

A i s  t h e  average l eng th  of  d i s l o c a t i o n  a r c  

1 

overcoming t h e  b a r r i e r ,  

d i s  t h e  a c t i v a t i o n  d i s t a n c e ,  and 

k and T have t h e i r  u s u a l  meaning. 

l%e f i r s t  b a s i c  s impl i fy ing  assumptions which w i l l  be made i n  

us ing  t h i s  equa t ion  are t h a t  V, hence R and d, AA, N, v and AS are taken  

t o  be independent of (r . Over a sma l l  s t r a i n  increment cr. i s  g iven  by 8 e  

where 0 i s  t h e  microscopic  work hardening c o e f f i c i e n t  a c t i n g  upon t h e  

where E i s  t h e  e l a s t i c  s t r a i n  mobile d i s l o c a t i o n s .  Using CT = e 

and M i s  the  unrelaxed shear  modulus f o r  the  m a t e r i a l  i n  q u e s t i o n  and 

A 

0 

a’ a 1 

e Mu’ e a 

u 

= M /e i t  i s  r e a d i l y  shown: m u 

1 E a = - ;; {ea - Am ee 

where t h e  r e l a x a t i o n  t i m e  T i s  given by: 

The t o t a l  s t r a i n ,  e, i s  g iven  by e 

equa t ion  f o r  t h e  deformation of t h e  body n e g l e c t i n g  any s p e c i f i c  damping 

f c e .  The governing d i f f e r e n t i a l  a 

due t o  t h e  d i s l o c a t i o n  v e l o c i t y  i s :  

V + W 2 &  = 0 e 

where w = 2m and v i s  t h e  frequency of a stress cyc le .  I n  g e n e r a l  the  
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t o t a l  s t r a i n  i s  g iven  by: 

e = a s i n  ( w t  + c p )  .(5) 

where a i s  t h e  s t r a i n  ampli tude and cp i s  t h e  phase ang le  between the  s t r a i n  

i n  phase and o u t  of phase w i t h  t h e  app l i ed  stress. 

m a l  theory  f o r  f r e e  and forced  v i b r a t i o n s  of a damped l i n e a r  o s c i l l a t o r  

Appl ica t ion  of  t h e  f o r -  

y i e l d s  : 

where 5 ,  t h e  logar i thmic  decrement, i s  given by: 

29 A = I -  

cos 

and a i s  t h e  maximum s t r a i n  amplitude.  One a l s o  ob ta ins  
0 

(7) 

where % i s  t h e  completely re laxed  modulus. 

AM/M are < 1 . 
The development demands A and 

S u b s t i t u t i o n  of equa t ion  (5) i n t o  equat ion  ( 4 ) ,  and so lv ing  f o r  

e 

g r a t i n g  by p a r t s  once,  i t  may be shown t h a t :  

then  ca r ry ing  o u t  an  i n t e g r a t i o n  over (wt  f cp) from 0 t o  2n and i n t e -  a’ 

and 
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21, (2) 
and I l ( z )  i s  t h e  modified Bessel f u n c t i o n  of t h e  f i r s t  

(2) 
where f ( z )  = 

kind .  I n  equat ions  (9) and ( lo ) ,  z i s  g iven  by: 

For z < 1, f ( z )  may be expanded as 

4 2 z  
+ zB (+)7(+)(&) + 4- 

z f ( z )  = 1 +gf- 192 

and f o r  z > 8, f ( z )  i s  a c c u r a t e l y  desc r ibed  by: 

A le fe ld (7 )  has  made a p l o t  of f ( z )  ve r sus  z f o r  z i n  t h e  range  1 t o  100. 

For a g iven  V,  Mu, a, T, (u and T t h e r e  w i l l  on ly  be one z and f ( z )  t h a t  

w i l l  s a t i s f y  equa t ion  (11). The va lue  of f ( z ) ,  may then  be placed i n  

equat ions  (9) and (10) a long  w i t h  t h e  p re sc r ibed  va lues  of w, T, M and 8 

and hence A and & may be eva lua ted .  

U 

APPLICATION OF ALEFELD 'S THEORY TO EXPERIMENT 

(1) The u n i d i r e c t i o n a l  damping loops observed by Roberts  and Hartman 

f o r  magnesium s i n g l e  c r y s t a l s  are be l i eved  t o  be good examples of i n t e r n a l  

f r i c t i o n  experimental  d a t a  t o  which Ale fe ld ' s  theory  i s  app l i cab le .  I f  

t h e  damping loops can  be expla ined  upon t h e  b a s i s  of d i s l o c a t i o n s  c u t t i n g  

f o r e s t  d i s l o c a t i o n s  even a t  van i sh ing ly  l o w  stress, then  a t  a lmost  ze ro  

stress t h e  d i s l o c a t i o n  l i n e s  should n o t  be pinned by impur i t i e s .  This i s  

expected t o  be t h e  case a t  very ' low f r equenc ie s ,  which i s  t h e  s i t u a t i o n  i n  
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t h e s e  experiments.  

(Es) f o r  v a r i o u s  p u r i t y  magnesium s i n g l e  c r y s t a l s .  

Table I shows v a l u e s  of t h e  i so thermal  Young's modulus 

The measured va lues  

are shown i n  one column and the  va lues  c a l c u l a t e d  from t h e  known o r i en -  

t a t i o n  o f  each c r y s t a l  and t h e  publ ished a d i a b a t i c  elastic cons t an t s  of 

magnesium i n  another .  A modulus d e f e c t  of  about 10% a t  almost ze ro  stress is  

c o n s i s t e n t l y  observed f o r  h igh  p u r i t y  magnesium c r y s t a l s .  It i s  important  

t o  no te  t h a t  s i g n i f i c a n t  amounts of s u b s t i t u t i o n a l  s o l u t e  atoms ( A l ,  Zn, 

Gd, I n  o r  Th) i n  t h e  magnesium does n o t  a l ter  t h e  f a c t  t h a t  a modulus de- 

f e c t  of about 5% i s  observed a t  almost zero  stress. 

Consider t h a t  a random three-dimensional  Frank network of d i s l o -  

c a t i o n s  e x i s t  i n  t h e s e  c r y s t a l s  of average l eng th  R between nodal  p o i n t s .  

I f  a c e r t a i n  f r a c t i o n ,  CY, of t h e  network bows o u t  a t  almost ze ro  stress, 

a modulus d e f e c t  (''1 given  by: 

- AJ 0.72 CY N A3 6E 
E M -  

- -  = 

where N i s  t h e  number of loops pe r  u n i t  volume i s  expected. 

0.08 which i s  i n  reasonable  agreement w i t h  t h e  modulus 1 and ere 7 , -E-  

d e f e c t s  shown i n  Table 1. This  obse rva t ion  makes t h e  d i s loca t ion -d i s loca -  

t i o n  i n t e r s e c t i o n  mechanism a s t r o n g  contender ,  i f  n o t  t h e  only  one, t o  

e x p l a i n  t h e  observed i n t e r n a l  f r i c t i o n  r e s u l t s .  

Since 3N13 tw - 1 

. +  
lu.\5@p $ 

1 &.'e- 
''2 4/  Figure  l shows a schematic  diagram of a t y p i c a l  u n i d i r e c t i o n a l  

a' damping loop ie .  (1-2-3-4-1). The o r d i n a t e  i s  t h e  app l i ed  stress, o 

and the a b s c i s s a  i s  t h e  t o t a l  s t r a i n ,  a ,  i n  phase w i t h  cr . In  t h i s  f i g u r e  

a would be  the  maximum s t r a i n  ampli tude f o r  t h i s  loop. The area (1-2-3-4-1) 

a 

0 

'OJ, F r i e d e l :  D i s foca t iops ,  Addison-Wesley, (1964) , 235 and 61. 
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T A B U  I 

REF. 
Es (calculated) E (measured) Modulus 

”) Xl$; Defect (%) (gm/mm”) x lo6 (m/mm 
S ME TAL CRYSTAL 

99.95 weight % Mg. 

99.95 weight % Mg. 

99.95 weight % Mg. 

99.95 weight % Mg. 

99.95 weight % Mg. 

99.95 weight % Mg 
plus 0.048 atomic 

99.95 weight % Mg 
plus 0.460 atomic 

99.95 weight X Mg 
plus 0.168 atomic 

99.95 weight % Mg 
plus 0.090 atomic 

99.95 weight % Mg 
plus 0.045 atomic 

99 -95 (weight % Mg 
plus 0.165 atomic 

% A 1  

‘X A l  

% Zn 

% Cd 

% T h  

% I n  

Ms-2 

Ms-3 

Ms-4 

Ms-5 

Ms- 6 

3AlA. 

5A1 

424 

4C8 

4T1 

412 

9.12 

8.90 

9.16 

9 ‘33 

9.01 

4.43 

4.51 

4.42 

4.41 

4.41 

4.41 

8 -44 

8.25 

8.17 

8.10 

8.94 

4.19 

4.44 

4.23 

4.30 

3.69 

4.26 

7.5 

7.2 

7.8 

13.1 

16.6 

5.4 

1.6 

4.3 

2.5 

16.3 

3.4 

1 

1 

1 

1 

1 

11 

11 

11 

11 

11 

11 

11 D. E. Hartman: Ph.D. Thesis, FI. M. Rice University, Houston, Texas, May, (1965). 

I. “ 
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i s  Wirry t h e  energy lo s s ,  and t h e  area (1-2-3-5-1) i s  W T y  hence A i s  t h e  

r a t i o  of t h e  two areas. 

W e  now need some way t o  e v a l u a t e  a reasonable  va lue  of 8 ( the  

(12) microscopic  work hardening c o e f f i c i e n t ) .  From the  work of Hartman 

on magnesium s i n g l e  c r y s t a l s ,  i t  w a s  found empi r i ca l ly  f o r  the loading  

po r t ion  of t h e  loop t h a t :  

where C = 7.04 X lo6 gm/cm2 and p = 3/4. This e m p i r i c a l  r e l a t i o n  holds  

up f a i r l y  w e l l  i n  t he  temperature  r eg ion  82”  K t o  320“ K and t h e  f r e -  

quency range 0.015 t o  0.75 cps.  Equat ion (15) may be w r i t t e n  i n  t h e  

where a i s  t h e  e l a s t i c  s t r a i n  
e 

a a 

i n  phase w i t h  o and a i s  t h e  a n e l a s t i c  a’ a 

s t r a i n  i n  phase w i t h  o . 
dae e Oa 

daa U 

The microscopic  work hardening c o e f f i c i e n t  8 a 

, 8 i s  eva lua ted  as and no t ing  - - - -  
daa M i s  then  -- 

pCa P- 1 

1 pCaP-l 
Mu 

e =  
1 - -  

Since the  mean amplitude of most of t h e  damping loops (a Figure  1) i s  

N 2 X equat ion  (17) has  been expanded i n  a Taylor series about a 

t o  y i e l d :  

m y  

m - 

8 = 1.45 X lo8 - (7.23 X 101’)(a - 2.18 X lo-’) (18) 

I 2 D .  E .  Hartman, M e  Sc. Thesis ,  W .  M. R i c e  Un ive r s i ty ,  Houston, Texas, 
May, (1961). 
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where 6 i s  i n  grn/cm2. M f o r  magnesium i s  1.69 X lo8 gm/cm2, so t h a t  
U 

equat ion  (18) y i e l d s  a modulus d e f e c t  of 5% at a = 0 which agrees  f a i r l y  

w e l l  w i t h  experiment (Table 1). It should be  poin ted  ou t  t h a t  t h e  ampli- 

tude  dependence of t h e  decrement,  A equat ion  (9) ,  i s  p r imar i ly  determined 

by the  ampli tude dependence of 8 i n  A which equa l s  - . Equat ion (18) 

f o r  8 produces a s l i g h t l y  mi lder  ampli tude dependence f o r  A t han  8 accord- 

i ng  t o  equat ion  (17) .  This  mi lder  dependence had t o  be made t o  y i e l d  

M 
m 6 

U 

reasonable  agreement between theory  and experiment.  

For any stress, CT a i s  determined from equat ion  (15) and 8 from a’ 

equat ion  (18). 

make a damping loop ,  03 i s  determined by experiment.  CT and T are a l s o  

determined by experiment and M 

p l e t e  t h e  a n a l y s i s  f o r  a s i n g l e  r e l a x a t i o n  peak, one must e v a l u a t e  T (equa- 

S ince  (u = 2m where v i s  t h e  r e c i p r o c a l  of t h e  t i m e  t o  

a 

and k are publ ished cons t an t s .  To com- 
U 

t i o n  ( 3 ) ) .  I n  order  t o  reduce t h i s  problem t o  the  two most important 

fundamental  v a r i a b l e s ,  AH and V, w e  have made t h e  fo l lowing  approximations: 

V = b2R, AA = i2, N = R m 3 ,  v 

frequency N_ 1013 

The above approximations mean t h e  stress dependence of R, d ,  v 

AS’k = 10 where ‘d 
b 

= vD -j and e i s  t h e  atomic D 0 

sec-l and a l l  o t h e r  terms have been p rev ious ly  def ined .  

and AS/k 
0 

are being ignored.  These approximations are n o t  considered too  s e r i o u s  

f o r  a p p l i c a t i o n  t o  t h e  d i s l o c a t i o n  i n t e r s e c t i o n  mechanism i n  magnesium 

c r y s t a l s .  C e r t a i n l y  t h e  assumed stress independence of R i s  the  most 

s e r i o u s .  I n  any event ,  i f  one i s  t o  cons ide r  t h e  stress dependence of R 

o r  any o t h e r  parameters ,  then  Ale fe ld ’ s  theory  would have t o  be markedly 

modif ied,  a task which may o r  may n o t  lead  t o  a c losed  form s o l u t i o n .  

For any g iven  AH, and V, T i s  eva lua ted  from equat ion  ( 3 )  and 

the  s o l u t i o n  of equat ion  (11) ‘for t h e  appropr i a t e  va lues  of z and f ( z )  
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i s  obta ined  from t h e  experimental  cond i t ions  cr T, and V .  This va lue  

of  f ( z )  i s  then  used t o  s o l v e  equat ion  (9) f o r  t h e  logar i thmic  decre-  

a '  

ment ( A ) .  

(0.10 t o  3.0) ev. i n  s t e p s  of 0.1 ev., 0 

T i n  t h e  range (70 t o  3 2 5 ) O K  and V i n  t h e  range (I X 

i n  decade s t e p s .  

Such c a l c u l a t i o n s  have been c a r r i e d  o u t  f o r  AH i n  t h e  range  

i n  t h e  range  (1 t o  6000) gms/cm2, 

t o  1 X lom1") c m  

a 
3 

The work by Saada (I3) shows t h a t  t he  a c t i v a t i o n  energy, a t  con- 

s t a n t  app l i ed  stress, to  overcome a r e p u l s i v e  d i s l o c a t i o n  j u n c t i o n  i s  

dependent upon t h e  re la t ive  o r i e n t a t i o n  of t h e  tangent  and Burgers v e c t o r s  

of t h e  two i n t e r s e c t i n g  d i s l o c a t i o n s .  There i s  c e r t a i n l y  t o  be expected 

some v a r i a t i o n  i n  t h i s  r e l a t ive  o r i e n t a t i o n  between d i f f e r e n t  mobile and 

I f o r e s t  d i s l o c a t i o n s  i n  a c r y s t a l .  This  means t h e r e  must exis t  some spec- 

trum of va lues  f o r  AH i n  equat ion  ( 4 ) .  Also,  t h e  a c t u a l  f r e e  l eng th  of 

mobile d i s l o c a t i o n  ( a )  c u t t i n g  a f o r e s t  d i s l o c a t i o n  i s  n o t  expected al- 

ways t o h a v e  one f i n i t e  va lue .  Therefore ,  w e  must r e a l l y  cons ider  t he  poss i -  

b i l i t y  of some spectrum of va lues  of AH and R c o n t r i b u t i n g  t o  t h e  o v e r a l l  

observed damping phenomena. In  such a case (at  one frequency) ,  equat ion  

(9) should be  r ep laced  by 

where each s u b s c r i p t  i r e f e r s  t o  a p a r t i c u l a r  set  of  AH and V (hence ai), i i 

i s  the  p red ic t ed  va lue  of  t h e  observed decrement and f i s  a weighing calc i A 

/ / I 3 V .  G. Saada: Thases pre/sentees a l a  F a c u l t e  des  Sc iences  d e  1 ' U n i v e r s i d  
d e  P a r i s  , (1960). 
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factor related to the fraction of the entire mobile dislocation network 

which is represented by particular values of AH V. and 8 By this ign i' L i' 

definition, should equal unity. The upper limit, n, of the summa- 

tion is represeniative of the total number of processes, each of the dis- 

location-dislocation interaction type at repulsive junctions, contributing 

to the overall observed damping. 

It is conceivable, over a small strain increment as in an internal 

friction measurement, that some of the dislocations may experience micro- 

scopic work hardening and others not. An attempt to take care of thi.s 

possibility is included in the definition of 8 in equa- 

tion (19). If the process exhibits work hardening (ie. 8. is a function 

of the amplitude), then 0 is given by equation (18) and will be designated i 

(8i)a, if no microscopic work hardening is assumed 8 

value 1.61 X lo8 grn/cm2, representing a modulus defect of 4.7% at almost 

in (Am)i and T i i 

1 

is given by the i 

* Qf a l & F '  pr g, 1 N' 
f /  b '' &t-.<-.=* 

zero stress and will be designated as ( 0 . )  

versus 'obs' Figure 2 shows a plot of the observed decrement, 

temperature for a high purity magnesium crystal after Roberts and Hartman (1) . 
Data points are shown for six different applied stress levels, the fre- 

quency, 0.0746 cps, was constant throughout.. The significant features of 

these curves are: 

(I) the peak at 270' K appears to be relatively inde- 

pendent of stress amplitude 

(2) the broad peak at 230" K (oa = 1790 gm/cm2) appears 

to increase with strain amplitude and shift to lower 

temperatures as the amplitude is increased 

( 3 )  the decrement on the low temperature side of the broad 
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peak appears  t o  uniformly i n c r e a s e  a t  cons t an t  

temperature  w i t h  i n c r e a s i n g  amplitude.  

F igure  3 shows a p l o t  of t h e  observed decrement ve r sus  temperature  

f o r  a h igh  p u r i t y  magnesium c r y s t a l  a t  s ix  d i f f e x e n t  f requencies  a l l  a t  

one stress amplitude 1197 gm/cm2. This data, h i t h e r t o  unpubl ished,  w a s  

determined i n  e x a c t l y  t h e  same manner as p rev ious ly  desc r ibed  by Roberts  

and Hartman''). 

f o r  t h e  s a m e  c r y s t a l  i s  publ ished as Fig.  6 of t he  p a p e r  by Roberts  and 

Hartman"), and need n o t  be reproduced here .  

bo th  F ig .  3 of t h i s  communication and Fig .  6 of t h e  paper by Roberts  and 

H a r  tman ('1 are : 

A s i m i l a r  p l o t ,  on ly  a t  a stress amplitude of 738 gm/cm2 

The s i g n i f i c a n t  f e a t u r e s  of 

(1) The broad r e l a x a t i o n  peak around 200" K a t  t h e  

lowest  f requency,  i n c r e a s e s  i n  temperature  w i t h  

i n c r e a s i n g  frequency as expected f o r  a r e l a x a t i o n  

proc'ass , t h e  apparent  a c t i v a t i o n  being e 0.52 ev.  

f o r  t h e  d a t a  shown i n  F ig .  3 and f 0 . 6 6  ev. f o r  t h e  

prev ious ly  publ ished d a t a  by Roberts  and Hartman (1) . 
(2) The maximum va lue  of t h e  decrement rises w i t h  in -  

c r e a s i n g  frequency a t  cons t an t  stress ampli tude 

f o r  both t h e  d a t a  shown i n  F ig .  3 as w e l l  as t h a t  

of  F ig .  6 i n  t h e  Roberts  and Hartman paper.  

Although many tests have been made of a s i m i l a r  n a t u r e  t o  those  

shown i n  F i g s .  2 and 3 ,  i t  is  imposs ib le  t o  pub l i sh  a l l - o f  t h e  d a t a .  'The 

d a t a  shown i n  Figs .  2 and 3 i s  r e p r e s e n t a t i v e  of a l l  o t h e r  d a t a  runs ,  b u t  

i n  a l l  honesty i t  i s  by f a r  t he  most c a r e f u l l y  taken  and a c c u r a t e  d a t a  
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a v a i l a b l e  a t  t h i s  t i m e .  It w a s  t h e r e f o r e  considered worthwhile t o  i n v e s t i -  

g a t e  what s o r t  of a spectrum f o r  AH and A .  i n  equat ion  (19) i s  r equ i r ed  i 1 

t o  reasonably  e x p l a i n  t h e  f e a t u r e s  of t h e s e  f i g u r e s .  An ex tens ive  com- 

pu te r  program w a s  set up t o  i n v e s t i g a t e  a l l  t h e  ranges  and combinations 

of AH, aa, T, and V p rev ious ly  desc r ibed  i n  t h i s  paper ,  To t r y  and f i t  

equa t ion  (19) t o  t h e  p rev ious ly  desc r ibed  d a t a ,  a t  f i r s t  t h r e e  o r  four  

B 

processes  were at tempted.  Af t e r  a n  exhaus t ive  search ,  w i t h  a g radua l ly  

i n c r e a s i n g  number of processes ,  a reasonable  c o r r e l a t i o n  between theory 

and experiment w a s  found w i t h  twenty-eight  processes .  

F igure  4 shows a p l o t  of A ver sus  temperature  a t  one frequency obs 

and four stresses, superimposed upon A c a l c u l a t e d  (A ) from equat ion  (19) 

f o r  t h e  28 processes  a t  t h e  s a m e  frequency an$ stresses. 

F igures  2 and 4 ,  shows t h a t  t h e  s a l i e n t  f e a t u r e s  of Fig.  2 (prev ious ly  d i s -  

cussed) are expla ined  by t h e  supe rpos i t i on  of twenty-eight  processes .  

calc 

Comparison of 

F igu re  5 shows Acalc and Q 

frequency as w e l l  as the  twenty-eight  i n d i v i d u a l  processes .  

ve r sus  temperature  f o r  one stress l e v e l  and obs 

F igure  6 i s  

a s i m i l a r  p l o t  t o  F ig .  5 a t  t h e  s a m e  f requency,  y e t  a t  a d i f f e r e n t  stress 

l e v e l .  Comparison of F igs .  5 and 6 a l lows  one t o  see how i n d i v i d u a l  re- 

l a x a t i o n  peaks are a f f e c t e d  by a change i n  stress ampli tude o r  a c t i v a t i o n  

i R 
volume. 

o r  ( 0 . )  ) f o r  t h e  twenty-eight  processes  which y i e l d  t h e  r e s u l t s  shown i n  

F igs .  4 ,  5 and 6. For s i m p l i c i t y  i f  8 i s  it  i s  des igna ted  by A, and 

i f  8. i s  (8.) i t  i s  des igna ted  by B. 

f .  and Bi (ie. i f  i t  i s  (e,>a Table 11 l i s t s  t h e  va lues  of AHi, 7, 

i N  

i 

1 r N  

Some of t h e  i n d i v i d u a l  peaks i n  Table I1 are l abe led  on F i g s .  5 and 

6. A s tudy  of t h e s e  f i g u r e s  shows: 

(1) An i n c r e a s e  i n  stress amplitude s h i f t s  a peak t o  lower 
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TABLE I1 

PROCESS (AHi).ev. (R./b) f i  X 10” Bi ~ ( 1 1 9 7 )  ~ ( 7 3 8 )  
1 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

1 2  

13 

14 

15 

16  

17 

18  

19  

20 

2 1  

22 

23 

24 

25 

26 

’ 27 

28 

0.34 

0.40 

0.42 

0.46 

0.47 

0 .50  

0.52 

0.56 

0.63 

0.62 

0.63 

0.65 

0.68 

0.68 

0.70 

0.73 

0.75 

0.76 

0.79 

0.80 

0 .81  

0.82 

0.86 

0.88 

0.90 

0.91 

0.94 

0.98 

910 

910 

9 10 

9 10 

910 

910 

9 10 

9 10 

910 

6060 

9 10 

2730 

9 10 

1820 

910 

9 10 

9 10 

2730 

910 

12,120 

606 

910 

9 10 

9 10 

303 

910 

9 10 

910 

1.37 

2.73 

3.64 

2.34 

3.45 

3.45 

3.36 

4.52 

3.12 

2.34 

1.49 

4.68 

1.09 

4 .68  

2.98 

2.73 

4.62 

2.73 

2.52 

2 .OS 

5.70 

2.98 

4.68 

1.09 

3.28 

4.68 

5.96 

11.71 

A 

A 

A 

A 

A 

A 

A 

A 

B 
A 

B 
A 

B 

B 

B 
B 
A 

A 

B 
B 
B 

B 
B 

B 

B 

B 

B 

B 

f .  = 1.14 
1 

f i  = 4.75 

fi 
f i  = 5.75 

f .  = 4.14 

f i  = 4.48 

f .  = 6.35 

f i  = 4.20 

f i  = 1.37 

f .  = 1.95 AHi = 0.62 

f .  = 3.90 

f .  = 2.18 9. = A 

f .  = 5.81. 
1 

= 3.85 AHi = 0.45 

1 

1 

1 

1 

1 1 

f i  = 0.00 

f .  = 2.87 AHi = 0.71 

f .  = 2.27 

f i  = 3.85 

f .  = 1 .71  

f = 1.95 

f .  = 1 .71  

f i 

fi 
f i  = 3 .41  

f i  = 0.91 

f .  = 2.94 Ri/b = 910 

f i  = 1.95 

f i  = 4.96 

1 

1 

1 

i 

1 
= 2.79 Ri/b = 910 

= 3.03 AHi = 0.83 

1 

f i  = 10.10 

fi = 1.15 

f = 3.44 

= 4.33 

= 3.87 AHi = 0.45 

1 

fi 
f 
1 

f i  = 5.19 

f i  = 4.16 

f i  = 4.23 

= 6.11 ‘i 
= 5.85 ‘i 

f i  = 1.96 

= 1.90  AHi = 0.62 fi  
= 5.24 fi  

f .  = 1.72 AH. = 0.070 Bi = A 

f .  = 0.00 
1 1 

1 
= 2.39 AHi = 0.71 fi 

f i  = 2.29 

fi = 3.16 

fi = 1.72 

f .  = 1.96  

f i  = 1.72 

fi 

f i  
f i  = 3.44 

fi = 0.92 

fi 

1 

= 2.86 Ai/b = 910 

= 3.06 AHi = 0.83 

= 2.96 Ri/b = 910 

f i  = 1.96 

f i  = 5.00 

f i  = 10.20 
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temperature  (eg. peak 12) .  

(2) For t h e  s a m e  o r  almost t h e  same AH an i n c r e a s e  i n  i' 

A./b caused the .peak  t o  become broader  and s h i f t  t o  

lower temperature  (eg. compare peaks 20 and 21, o r  

1 7  and 18). 

1 

(3) When Bi i s  t h e  maximum va lue  of t h e  decrement 

i n c r e a s e s  w i t h  stress ampli tude (eg. peaks 1 2 ,  1 7  and 

18), whereas when 8 i s  (8i)N, no change i n  t h e  m a x i -  

mum va lues  occurs  w i t h  i n c r e a s i n g  ampli tude,  on ly  t h e  

i 

peak tempera ture  changes. 

To o b t a i n  a r easonab le  f i t  of equat ion  (19) t o  the  frequency d a t a  

shown i n  F ig .  3 of t h i s  paper and Fig .  6 of t h e  paper by Roberts  and Hart- 

man"), minor changes had t o  be made t o  AH and - f o r  some of t h e  28 pro- 

cesses descr ibed  i n  Table 11. I n  a d d i t i o n ,  two new peaks needed t o  be 

i 
a 

i b 

added, one having c h a r a c t e r i s t i c  va lues  of AH = 0.55 ev., R./b = 910, i 1 

= 2.73 X and @ = A and the  o t h e r  AH = 0.65 ev., R./b  = 910, fi i i 1 

f ,  = 2.95 X and 8 = B a t  the stress level 1197 gm/cm2. At t he  stress 
1 i 

l e v e l  738 ,/om2 , f ;  f o r  t h e s e  peaks are 3.98 X lom2 and 3 -73 x 10" re- 
L 

s p e c t i v e l y ,  a l l  o t h e r  v a l u e s  are t h e  s a m e .  The column (w 1197) i n  Table 11 

shows t h e  va lues  of AH A./b, f .  and 8. needed t o  o b t a i n  f a i r  c o r r e l a t i o n  

between d a t a  and p r e d i c t i o n s  f o r  t h e  v a r i a b l e  frequency d a t a  a t  1197 gm/cm2. 

i' 1 1 1 

The column (W 738) shows t h e  s a m e  informat ion  as s t a t e d  above f o r  t h e  vari-  

able frequency d a t a  taken  a t  738 gm/cm2. I n  t h e  columns (w 1197) o r  (w 738), 

on ly  new va lues  of f 

of AHi, Ri/b and 0 

Eli, AHi, o r  R./b are shown. This means t h e  va lues  
i' 1 

are t h e  s a m e  as those  f o r .  t h e  numbered process  t o  t h e  i 

l e f t  i f  no new number i s  shown. I n  t h e s e  two columns, i t  i s  assumed AH i 
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i s  r epor t ed  i n  e l e c t r o n  v o l t s ,  and f (. va lues  should be m u l t i p l i e d  by 10". 
1 

Since  t h e  frequency e f f e c t  d a t a  w a s  measured on a d i f f e r e n t  c r y s t a l  

+. ( c r y s t a l  MS-6)than t h e  stress amplitude e f f e c t  d a t a  ( c r y s t a l  MS-3), it i s  

no t  unreasonable  t o  assume a s l i g h t l y  d i f f e r e n t  d i s l o c a t i o n  s t r u c t u r e  

(hence AH $./b and f .  va lues)  e x i s t e d  between t h e  two specimens. A 

s i g n i f i c a n t  p o i n t ,  however, i s  t h a t  29 processes ,  w i t h  almost t h e  s a m e  

va lues  of AH. and $. /b  obta ined  t o  f i t  t h e  stress ampli tude d a t a  on c r y s t a l  

€ 6 - 3  can  g ive  reasonably  good c o r r e l a t i o n  w i t h  t h e  v a r i a b l e  frequency d a t a  

5cr x 
1' g? 

0" 6 k @ 2  8 
i' 1 1 P . 

1 1 

and ac@c on a d i f f e r e n t  specimen ( c r y s t a l  MS-6). F igure  7 shows A 

ver sus  temperature  a t  (r = 738 gm/cm f o r  t h e  lowest ,  h ighes t  and an  i n t e r -  

mediate  f requency.  F igu re  8 i s  similar t o  t h a t  of F ig .  7 ,  except  d a t a  and 

c o r r e l a t i o n  a t  0 = 1197 gm/crn2 i s  shown. The i n d i v i d u a l  29 processes  

are a l s o  shown i n  these  f i g u r e s  a t  t h e  in t e rmed ia t e  frequency t o  show 

obs 
2 

a 

a 

t h e i r  n a t u r e  a t  a r e l a t i v e l y  low stress. Note t h a t  t he  c a l c u l a t e d  broad 

peak around 200" K (Fig.  8) o r  225" K (Fig. 7) s h i f t s  t o  h igher  tempera- 

t u r e  with i n c r e a s i n g  frequency c o n s i s t e n t  w i t h  the  observed peak s h i f t  

da t a .  A l s o ,  t h e  maximum va lue  of t h e  c a l c u l a t e d  decrement rises wi th  

i n c r e a s i n g  frequency a t  constantr stress, an unexpected f e a t u r e  which a l s o  

agrees  wi th  the  experimental  d a t a .  Comparison of t h e  numbered peaks i n  

F i g s ,  5, 6 ,  7 and 8 shows c l e a r l y  how r a p i d l y  t h e  temperature  a t  the  peak 

maximum s h i f t s  upwards w i t h  decreas ing  stress amplitude.  

It i s  unfo r tuna te  t h a t  s l i g h t l y  d i f f e r e n t  va lues  of f w e r e  re- i 
2 qui red  t o  f i t  t h e  frequency d a t a  a t  t h e  two stresses 1197 and 738 gm/cm , 

s i n c e  t h e  d a t a  w a s  taken on t h e  same c r y s t a l .  

stress ampli tude dependence upon t h e  mobile d i s l o c a t i o n  d e n s i t y .  It i s  

This might r e f l e c t  a mild 

not p o s s i b l e  a t  t h i s  t i m e  t o  i nco rpora t e  such a dependency i n t o  t h e  formal 

theory.  
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A s tudy  of  F igs .  5-8, shows t h a t  a t  any one temperature ,  t h e r e  

are u s u a l l y  4 t o  7 processes  active.  One f u r t h e r  c a l c u l a t i o n  w a s  made 

t o  test t h e  i n t e r n a l  cons i s t ency  of t h i s  a n a l y s i s .  

rate i n  the  damping loop r e g i o n  i s  ”, lo’* t o  

Roberts  and Hartman(14). For t h e  i t h  process ,  t he  s t r a i n  rate i s  g iven  

by = f .  Q (equat ion (l)), where Q i s  g iven  by 8 f .  E and g i s  

approximately g iven  by a i n  equat ion  (16),  when a i s  rep laced  by ( “) . a e 

Using t h e  va lues  bf a l l  t h e  parameters  i n  equa t ion  (1) f o r  each of t h e  

28 processes  descr ibed  i n  Table 11, 

uated .  FThen the  process  w a s  o p e r a t i v e  ( k  ). w a s  found t o  have va lues  

between loe5 t o  10”’ sec 

The observed s t r a i n  

sec-I from t h e  work of 

i a  i i i a  a 8 

Mu 

a t  each temperature  w a s  eval- 

a i  
-1 

B . I f  t h e  temperature  w a s  w e l l  above t h e  peak 

temperature ,  then  (?  ) .  w a s  very  l a r g e  which meant t h i s  process  i s  com- 

p l e t e l y  r e l axed  and c o n t r i b u t e s  t o  the  o v e r a l l  s t r a i n  bu t  n o t  t h e  observed 

s t r a i n  rate.  A t  temperatures  w e l l  below t h e  peak temperature  (; ) w a s  

very  small Fv_ sec o r  less, c o n t r i b u t i n g  n e g l i g i b l y  t o  t h e  observed 

a i  

a i  
-1 

s t r a i n  rate.  Therefore ,  i t  i s  encouraging t h a t  t h e  s t r a i n  rates calcu-  

l a t e d  by t h i s  crude method f o r  each active process  a t  each temperature  

are of t h e  s a m e  o rde r  of magnitude as t h e  observed s t r a i n  rate.  

14J. M. Roberts  and D. E. Hartman: Trans.  A . I . M . E . ,  230, (1964), 1125. 
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DISCUSSION 

We must c l a r i f y  e x a c t l y  what i s  meant by a spectrum of  a c t i v a t i o n  

ene rg ie s  a s s o c i a t e d  w i t h  t h e  mechanism of d i s l o c a t i o n s  c u t t i n g  o t h e r  d i s -  

l o c a t i o n s  a t  r e p u l s i v e  type  j u n c t i o n s .  There are two ways which this 

au thor  can envisage  as reasonable  p o s s i b i l i t i e s .  The f i r s t  way i s  t o  

cons ider  t h e  e las t ic  i n t e r a c t i o n  p o t e n t i a l  as too  l a r g e ,  so  t h a t  AH i s  

made up s o l e l y  of t h e  energy t o  form jogs  o r  k inks ,  i n  extended o r  unex- 

tended d i s l o c a t i o n s ,  and o r  some p o i n t  d e f e c t s  w i t h  o r  wi thout  t h e i r  sub- 

sequent  migra t ion .  To c a r r y  o u t  such d e t a i l e d  atomic c a l c u l a t i o n s  near  

t he  v i c i n i t y  of  d i s l o c a t i o n  c o r e s  i s  a l a r g e  under tak ing ,  l e t  a lone  t ak ing  

i n t o  c o n s i d e r a t i o n  a range  of va lues  f o r  t h e  tangent  and Burgers v e c t o r s  

of t h e  two i n t e r a c t i n g  d i s l o c a t i o n s .  Such c a l c u l a t i o n s  may lead  t o  a 

spectrum of a c t i v a t i o n  e n e r g i e s ,  so  t h a t  t h i s  p o s s i b i l i t y  cannot be out-  

r i g h t l y  d i sca rded .  There i s ,  however, a s i m p l i e r  exp lana t ion  and t h i s  

i s  t h e  one favored by t h i s  au thor .  

F igu re  9 ( a ) ,  a f t e r  t h e  work of Saada(13) , shows schemat i ca l ly  t h e  
./ 

I 
v a r i a t i o n  of t h e  stress exe r t ed  between a r e p u l s i v e  d i s l o c a t i o n  upon a 

mobile d i s l o c a t i o n  as a f u n c t i o n  of d i s t a n c e .  F igu re  9(b)  shows the  v a r i a -  

t i o n  of t h e  stress exe r t ed  by s p e c i a l  a t t r a c t i v e  d i s l o c a t i o n  UPOR a mobile 

d i s l o c a t i o n .  

t h e  two t r i p l e  nodes cont inuous ly  moving toge the r  t o  form a quadruple node 

as t h e  stress is increased .  The peaks,  (C),  i n  t h e s e  f i g u r e s  r e p r e s e n t  

t h e  jog  formation process  a t  t h e  moment of complete c u t t i n g  of' one d i s l o c a -  

These p a r t i c u l a r  a t t r a c t i v e  j u n c t i o n s  must break  down by 

t i o n  by t h e  o t h e r .  Depending upon t h e  re la t ive o r i e n t a t i o n  of t h e  tangent  

and Burgers v e c t o r s  of t h e  two i n t e r s e c t i n g  d i s l o c a t i o n s  t h e s e  o ver sus  d 

curves ,  a l though having s i m i l a r  forms, can vary  i n  scale. F igu re  9(a)  shows 
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two r e p u l s i v e  type j u n c t i o n s  and F ig .  9(b) shows two s p e c i a l  a t t r a c t i v e  

type junc t ions  each of vary ing  scales as examples. There i s  i n  a real  

c rys ta l ,  probably a spectrum of t h e s e  types of a - d  r e l a t i o n s .  Saada . (13) 

has shown t h a t  t he  a c t i v a t i o n  energy necessary  t o  surmount t he  elastic 

i n t e r a c t i o n  p o t e n t i a l  (ie.) D from 0.97 C T ~  t o  aM(Fig.  9(b)) i s  2 0.01 (A/b) 

ev. o r  CT from 0.90 C T ~  t o  aM(Fig. 9(a)) i s  4 0.005 (A/b) ev. f o r  magnesium. 

For va lues  of  ( A b )  > 1000, these  ene rg ie s  are l a r g e  a i d  could not  be 

overcome by thermal a g i t a t i o n  a t  low temperatures .  This i s  p r e c i s e l y  

t h e  reason  why most i n v e s t i g a t o r s  cons ider  t h a t  t h e  app l i ed  stress and 

l o c a l  i n t e r n a l  stresses must y i e l d  an e f f e c t i v e  s t r e s s  equ iva len t  t o  about 

oM f o r  thermally a c t i v a t e d  flow c o n t r o l l e d  by d i s l o c a t i o n  i n t e r s e c t i o n s .  

Since o the r  d i s l o c a t i o n s  than  t h e  two under cons ide ra t ion  can pro- 

v ide  a f l u c t u a t i n g  i n t e r n a l  s t r e s s  a throughout the c r y s t a l ,  i t  i s  poss ib l e  

a t  aa = 0, t h a t  f o r  many junc t ions  CT 

The va lue  of AH at  aa = 0 i s  then represented  by the  hatched area i n  F ig .  9. 

a would add on t o  a and reduce t h e  a c t i v a t i o n  energy. S ince  t h e r e  can 

be a spectrum of va lues  of CT and t h e r e  e x i s t s  a spectrum of f i g u r e s  of 

t h e  type shown i n  F ig .  9 i n  a real c r y s t a l ,  t h e r e  can e x i s t  a spectrum of 

va lues  f o r  AH. O f  course,  t he  p a r t i c u l a r  set of cond i t ions  of a and barrier 

s c a l e  would s t i l l  r e q u i r e  o./aM t o  be c l o s e  t o  1 (eg. 0.9 t o  0.999) f o r  real- 

i s t i c  va lues  of (A/b), This means, i t  i s  suggested the elast ic  i n t e r a c t i o n  

p o t e n t i a l  energy can c o n t r i b u t e  a s m a l l  amount t o  t h e  a c t i v a t i o n  energy 

i 

i l o c a l l y  i s  as dep ic t ed  i n  F ig .  9. 

a i 

i’ 

i 

I 

necessary  t o  form a jog  p a i r  o r  t h e  l i k e  near  t h e  i n t e r s e c t i o n  po in t  and 

hence c o n t r i b u t e  t o  a spectrum of va lues  of AH. 

There i s  l i t t l e  doubt t h a t  both of t h e  ways descr ibed  i n  t h i s  paper 

a c t u a l l y  c o n t r i b u t e  t o  a range of va lues  f o r  AH. It has  only  been the  pur- 

pose i n  t h i s  d i s c u s s i o n  t o  j u s t i f y  t h e  use  of a number of d i f f e r e n t  va lues  
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of AH. i n  equat ion  (19) t o  e x p l a i n  the  d a t a  f o r  magnesium, bear ing  i n  

mind a s i n g l e  mechanism i s  s t i l l  h e l d  as c o n t r o l l i n g  t h e  observed damping. 

o r  

1 

M b3 (10) 
The energy necessary  t o  form a jog  i n  magnesium i s  R/ - 

10 
u 

e 0.35 ev. 

fu 0.70 ev.  which i s  i n  the  middle of t h e  AH. va lues  shown i n  Table 11. 

The a c t i v a t i o n  energy t o  form a p a i r  o f  j ogs  i s  t h e r e f o r e  

1 - 
This means t h a t  t h e  l o c a l  i n t e r n a l  stress and CT act  t o  p l ace  t h e  e f f e c t i v e  

stress j u s t  as o f t e n  s l i g h t l y  above (Fig.  9) as s l i g h t l y  below t h i s  va lue .  

It is  c e r t a i n l y  encouraging t h a t  t h e  determined va lues  of AH are a t  least  

compatible w i t h  t h e  order  of magnitude estimate f o r  the jog  p a i r  formation 

a 

i 

mechanism, t h e  b a s i c  mechanism assumed t o  be o p e r a t i v e  i n  t h i s  paper.  It  

i s  p o s s i b l e  t h a t  some o the r  mechanism could be conceived which would be 

compatible  w i t h  t h i s  formal a n a l y s i s .  This au thor  has  not  been a b l e  t o  

f i n d  one which i s  as e n t i r e l y  c o n s i s t e n t  w i th  t h i s  t rea tment  as t h e  d i s l o -  

c a t i o n  i n t e r s e c t i o n  mechanism a f f o r d s .  

F igu re  10 shows a three-dimensional  p l o t  of f AHi and Ri/b f o r  
e ,,sf t, 

i3 
d P 6  Pd---=- 6 t h e  28 processes  which f i t  t he  v a r i a b l e  stress amplitude d a t a  shown i n  

F igs .  4 ,  5,  and 6 .  The f i r s t  r a t h e r  s u r p r i s i n g  r e s u l t  i s  t h e  l a r g e  num- 

be r  of processes  which have a somewhat s m a l l  a c t i v a t i o n  l eng th  o f Y 1 0 0 0  b,  

y e t  s e e m  t o  have a n  erratic v a r i a t i o n  i n  weighing f a c t o r s  f o r  d i f f e r e n t  

va lues  of AHi. 

a, b, e ,  d ,  e ,  and f ,  which have a c t i v a t i o n  e n e r g i e s  between 0.60 ev. and 

0.82 ex, t h e  weighing f a c t o r s  f o r  loop l eng ths  resemble i n  a s m a l l  way a 

K ~ e h l e r ' ~ )  type  d i s t r i b u t i o n .  

choose many more processes  than  28, and decreased t h e  weighing f a c t o r s  of 

A s i g n i f i c a n t  f e a t u r e  of t h e  p l o t  i s  t h a t  i f  one j o i n s  p o i n t s  

There i s  l i t t l e  doubt t h a t  i f  one wished t o  

a l l  processes  p ropor t iona l  t o  the  number of m u l t i p l e s  of 28 processes  one 

s e l e c t e d ,  then  a r a t h e r  cont inuous d i s t r i b u t i o n  f o r  AH A./b and f .  i n  t h e  i3 I 1 
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ranges  shown i n  F i g .  10 could be found. This quasi-cont inuous d i s t r i b u -  

t i o n  would probably be  a b l e  t o  f i t  a l l  of  t h e  d a t a  j u s t  as w e l l  i f  no t  

bet ter  than  has  been accomplished i n  t h i s  paper.  Although, t h e r e  have 

been found a r a t h e r  l a r g e  number of processes  of  somewhat s m a l l  loop 

l eng ths  (a ,  hr 1000 b) ,  t hese  va lues  are n o t  unreasonable  f o r  t h e  d i s l o -  

c a t i o n  i n t e r s e c t i o n  mechanism. Vacancy o r  i n t e r s t i t i a l  forming jogs  

may act  as s t r o n g  p ins  f o r  some of t h e  d i s l o c a t i o n s  i n  t h e  network. 

There c e r t a i n l y  could be o t h e r  sets of va lues  of AH Ri and f i  

found which could probably e x p l a i n  t h e  experimental r e s u l t s  j u s t  as w e l l  

as t h e  set proposed here .  One would f i n d ,  however, that  numerous processes  

are r equ i r ed  and t h a t  on ly  mild v a r i a t i o n s  i n  t h e s e  va lues  could be t o l e r a t e d .  

For example, i f  one wishes t o  use  l a r g e r  a c t i v a t i o n  l eng ths ,  t hen  as F igs .  

1 -  

i’ 

5, 6 ,  7 and 8 show, t h e s e  type  of peaks are broad and s h i f t  i n  temperature  

r a p i d l y  w i t h  changing stress amplitude.  Therefore ,  one would have a d i f -  

f i c u l t t i m e  exp la in ing  t h e  gene ra l  f e a t u r e s  of t h e  d a t a  i n  F i g s . , 2  and 3 .  

I n  summary we have found f o r  l o w  frequency h igh  ampli tude i n t e r n a l  

f r i c t i o n  i n  magnesium, t h e  obseved modulus d e f e c t  a t  almost ze ro  stress i s  

expla ined  by a l l  t h e  d i s l o c a t i o n  loops bowing between network nodal  p o i n t s  

and o r  po in t  d e f e c t  producing d i s l o c a t i o n  jogs  and n o t  between s o l u t e  atom 

o r  p o i n t  d e f e c t  p i n s ,  

t i o n  loop l eng ths  a s s o c i a t e d  w i t h  the  b a s i c  mechanism of d i s l o c a t i o n s  i n t e r -  

s e c t i n g  o t h e r  d i s l o c a t i o n s  a t  p r imar i ly  r e p u l s i v e  type junc t ions  can  e x p l a i n  

r a t h e r  c o n s i s t e n t l y  t h e  m a i n  f e a t u r e s  of t h e  damping loops observed i n  

s l i g h t l y  p r e s t r a i n e d  magnesium s i n g l e  c r y s t a l s .  

That a spectrum of a c t i v a t i o n  ene rg ie s  and activa- 
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FIGURE 1: . Schematic oa versus amplitude (a) plot to show features of a damping Loop. 
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FIGURE 9: Schematic illustration of stress (0) - displacement (d) curves for a mobile 
dislocation interacting with a forest dislocation. 
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